INTRODUCTION
Fracture mechanics technology is being applied extensively to composite materials and adhesively bonded joints t primarily to determine the matrix and adhesive material toughness so as to aid in material development t screening t • selection t and design. Efforts to determine toughness make use of the fact that the delamination failure mode in polymer matrix composites is very similar to the debonding of an adhesive joint: both the delamination and de bond are usually "captured" between two boundary plies in the case of delamination t or adherends in the case of debonding. This physical restraint t in the presence of a mixture of external loads t can result in a variety of loading modes at the delamination or de bond tip. These modes may range from pure mode I (opening or peel) through various combinations of mode I and mode II (sliding or shear) to pure mode II loading. Mode III (tearing) may even be present. Considerable effort has been made to identify proper test specimens and testing techniques for measuring the in situ toughness of composite matrix materials and adhesives. In particular t the relative influence of the mode I and mode II components on fracture has been of interest.
The purpose of this paper is to compare in situ toughness behavior of seven matrix and adhesive systems (as listed in table I) in order to assess the influence of resin on interlaminar fracture. Both brittle and tough systems will be addressed. Particular emphasis will be placed on the mixed mode influence on fracture. Although most of the data have been taken from the literature t some new data will be presented. The observed behavior of the different systems will be related to their chemical structures. Some analytical considerations for assessing mixed mode ratios will be presented.
EXPERrMENTS
There are currently four tests widely used to measure interlaminar fracture toughness in terms of strain-energy release rate, G. Each test's specimen type is shown in figure 1. Shown first is the double cantilever beam (DCB) specimen, used to determine pure mode r toughness. Second is the edge delamination tensile (EDT) test specimen, used to examine a variety of mixed mode conditions, ranging from 5.7 > Gr/G rr > 0.4, depending on specimen lay-up and geometry. Third is the cracked lap shear (CLS) specimen, which is also used to test a variety of mixed mode conditions, ranging from 0.6 > Gr/Grr > 0.2, again depending on the specimen geometry. Pure mode rr toughness is found by using the fourth specimen type in the end-notched flexure (ENF) test. All of these tests, except the EDT, are also used to characterize adhesives in bonded joints. All of the specimens, except the EDT,
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are calibrated by means of the general relationship between strain-energy release rate G and specimen compliance C (1) where P is the load, b the width, and a the crack length [11. Although data acquired from tests involving all four of the above specimen types will be presented and discussed, only the CLS specimens were used to generate new data for this paper.
Double Cantilever Beam Specimen
The pure mode I DCB specimen has been well documented for testing adhesives [2] [3] [4] and for testing interlaminar toughness of composites [5] . Linear beam theory can be used to determine G if the crack length 1s sufficiently long compared to the specimen adherend thickness, h. The compliance 1s commonly expressed as C = 8 a 3 /bEh 3 for plane stress conditions, where E is the longitudinal modulus of the adherends. This expression is valid as long as modulus is taken as apparent modulus. Ashizawa [6] presents correction factors for the flexural modulus. By expressing the derivative dC/da in terms of C and substituting into Eq (1), an expression for strain-energy release rate becomes
The dC/da term can be calculated directly from the load-displacement plots of the experimental data. This technique is explained in references 5 and 7.
Edge Delamination Tensile Test Specimen
The EDT specimen is used to determine the interlaminar fracture toughness of composites only. The EDT test specimen and procedures have been fully documented by O'Brien [8] . The total strain-energy release rate can be calculated by where £ = strain at delamination onset, t = specimen thickness, E LAM = stiffness of the undamaged laminate, and E* = stiffness of the laminate completely delaminated along one or more interfaces.
The effect of the crack length is accounted for by the E terms; therefore (3) the crack length does not appear in Eq (3). The Gr/G rr ratio must be calculated by finite element analysis of the specimen lay-up of interest [8] .
Cracked Lap Shear Specimen
The CLS specimen was first used by Brussat t Chiu t and Mostovoy [9] for testing adhesively bonded metallic joints. Ma11 t Johnson t and Everett [7, 10] used the CLS specimen to study adhesively bonded composite joints. Wilkins [5] was the first to successfully use the CLS specimen to measure mixed mode inter1aminar fracture toughness in composites.~, estimate for the total strain-energy release rate for the CLS specimen is given by where the subscripts 1 and 2 refer to the sections indicated in figure 1 . (4) The total G can also be found from the experimental compliance measurements and Eq (1) .
In order to get an accurate measure of the G I and GIl components, a geometric nonlinear finite element model must be used [11] . This is because the lack of symmetry in the CLS specimen causes out-of-plane displacements and rotations. (This will be further discussed under Finite Element Analysis of CLS Specimens.)
End-Notched Flexure Specimen
The ENF specimen is used to determine mode II toughness and was introduced by Russell [12] . The specimen is essentially the same as the DCB specimen, except that it is loaded in three-point bending. This loading condition results in pure shear loading at the crack tip. The Teflon starter strip supposedly allows no significant friction to occur between crack flanks.
Under the bending t the crack does not open; thus mode I loading does not occur. Simple beam theory was used [12] to obtain the expression (5) where L is the distance between the center and outer loading pins.
FINITE ELEMENT ANALYSIS OF CLS SPECIMENS
The cracked lap shear specimens (used to generate new data for this paper) were analyzed with the finite element program GAMNAS [11] to determine the strain-energy release rate for given geometry, de bond length, and applied load. This two-dimensional analysis accounts for the geometric nonlinearity associated with the large rotations in the unsymmetrical cracked lap shear specimen.
The finite element mesh consisted of about 1700 isoparametric 4-node elements and had about 3700 degrees of freedom. The strip of matrix material was modeled with four layers of elements. A multipoint constraint was applied to the loaded end of the model to prevent rotation (i.e., all of the axial displacements along the ends are equal to simulate actual grip loading of the specimen). Plane-strain conditions were assumed in the finite-element analysis. The strain-energy release rate was computed using a virtual crackclosure technique. The details of this procedure are given in reference 13.
INFLUENCE OF THE POLYMER STRUCTURE
In order for a polymer to have a high mode I toughness, the material must be able to dilatate (increase volume) under plane-strain tensile loading.
This volume increase can be from elastic, nonlinear elastic, or inelastic expansion. Mechanisms such as chain extension, crazing, void formation, and plasticity can contribute to the volume expansion. Those polymeric materials that are highly rigid due to a high degree of crosslinking (such as unmodified epoxies) are not normally able to exhibit much ability to dilatate. Therefore, they will have a rather low mode I toughness. Figure 2 offers a schematic of resin stress-stain behavior and the stress concentrations at the crack tip in two resin systems, one tough and one brittle. Assuming that the resin at the crack tip is in a state of plane strain, the nonlinear stressstrain curve shown for the tough material can occur only if the material's volume increases. Notice that the shaded area under the two stres~-strain curves is representative of the energy required for failure (i.e., the toughness). As can be seen in the figure, the plastic deformation (which must be accompanied by a volume expansion) requires considerable energy. Further, one should notice that the stress concentration at the crack tip is lower for those materials that exhibit plastic deformation, thus spreading the load over a larger area.
On the other hand, the polymer need not dilatate under the shearing deformation of mode II loading. Therefore, a highly crosslinked epoxy may have a much higher mode II toughness than mode I toughness. Specimens with a high percentage of mode II (shear) present have hackles on their fracture surfaces [14] . Pure shear stress can be resolved into a combination of tensile and compressive stresses. A simple Mohr's circles analysis will show that for pure shear stress the maximum tensile stress acts on a 45 0 plane. As a peel stress is added to the shear stress, the angle decreases. The maximum normal stress is expressed as 2 + L12· (6) The maximum principal stress will act on a plane at e degrees to the adherend surface where tan 20 (7) Therefore, when only shear stresses are present e = 45 0 • When only peel stresses (01) are present e = 00. Pure mode II loading will result in the sharpest hackles. As the percent of mode I (peel) component increases, the hackles become less obvious, reflecting the fact that the angle of maximum tensile stress is decreasing toward 00. The matrix material would be expected to fracture in a plane nearly perpendicular to the maximum tensile stress.
Both moisture and heat may increase the ability of polymers to dilatate, thus increasing the mode I toughness, but probably causing little improvement in the mode II toughness. Moisture may infuse into the polymer, separating the polymer molecules, thus reducing their secondary bond attraction, thereby making it easier for the molecules to move past each other. Moisture may also increase the critical strain levels. This process is a form of plasticization. Heat creates a similar effect. The higher temperature, especially approaching the glass transition temperature, causes the material to expand, thus creating more free volume. This increase in free volume allows the molecules to move past each other more easily.
Rubber toughened epoxies have a propensity to dilatate by the stretching of the rubber particles and the formation of internal voids. Thus rubber toughened epoxies such as FM-300 and EC 3445 could have G Ic values as high as the G 11c values. Bascom, Cottington and Timmons [4] suggest that the rubber modified epoxies exhibit large increases in toughness with relatively little loss in high tensile strength, modulus, or thermal mechanical resistance of the epoxy matrix resin. They further suggest that the rubber particles allow a much larger volume for plastic deformation at the crack tip than allowed by the unmodified expoxy resins. This deformation involves a more or less symmetrical dilatation of the rubber particles accompanied by plastic flow of the epoxy. The problem with the highly rubber modified epoxies and the linear systems is that they become so ductile in the presence of heat and moisture that they usually cannot function as a structural material.
Dilatation can be seen in polysulfones, linear systems that are essentially masses of polymer chains that are intertwined but not physically linked together as epoxies are. These linear systems are more ductile and can dilatate more than the unmodified epoxies. (Polysulfone data are not presented in this paper.)
Other modifications can also contribute to improving the material toughness; one example is chain-extended epoxies such as the Hx205 resin. Although the material is still crosslinked, the extended chains can behave somewhat like linear systemst thus improving the G I toughness. At the same time, ! they are expected to display more viscoelastic behavior and to be more sensitive to temperature and moisture conditions.
Crystalline resins such as PEEK have a toughening mechanism consisting of chains unfolding. [hey also have a strengthening mechanism consisting of the crystals slipping in order to achieve a structure oriented in the direction of the stress.
RESULTS AND DISCUSSION

Toughness Data
This section will present mixed mode interlaminar fracture toughness resuIts for brittle syste~(T300/5208 and ASl/3501-6 composites) and tougher systems (FM-300 and EC 3445 adhesives, and Hx20S, F-185, and PEEK matrix composites). Figures displaying toughness data will be labeled as to specimen type, GI/G Ir ratio, and source reference. Where no reference is given, the data were generated by the authors.
Brittle Systems T300/5208 -The interlaminar fracture envelope for T300/5208 composites is shown in figure 3 . The G I component at fracture is plotted against the GIl component at fracture. The sum of the G I and GIl components is the total strain-energy release rate G T • The value of the critical mode I strain-energy release rate (G lc ) is approximately one-tenth of the critical mod~II strain-energy release rate (G llc ). The mixed mode fractures appear to be controlled by the G r component. This is a good example of an unmodified epoxy with limited dilatational ability having a much lower G lc than G lIc • The scatter bands represent the maximum, minimum, and average values of the data. Notice that the source is given for each specimen type. The CLS data were generated for this paper and are presented in table II.
ASl/3501-6 -Another rather brittle unmodified epoxy system is 3501-6.
The AS1/3501-6 system has been~xtensiVelY studied by Russell [12] , Russell and Street [17] , Wilkins [5] , Law and Wilkins [18] , and Jurf and Pipes [19] to determine interlaminar fracture toughness. Figure 4 shows some of Russell and Street's [17] results using the: DCB, CLS, and ENF specimens. The data spread is plus or minus one standard deviation from the mean of their results. Their data indicate that Gllc is about 3.5 times higher then Glc. This Glc value is about 50 percent higher than the G lc for the 5208 matrix.
Law and Wilkins [18] tested DCB specimens and three geometries of the CLS specimen to assess the effects of heat and moisture on mixed mode fracture.
The DCB data were 100 percent mode I. The CLS specimens had GI/GII ratios of 0.20, 0.42, and 0.59. The specimens with 0.20 and 0.42 ratios were tested wet and dry at 93°C and 22°C, as were the DCB specimens. These data are plotted in figure 5 . The 22°C/dry data are almost horizontal, indicating a GI-dominated fracture mode. The G I is very low compared to the GIl components. However, as heat is applied (93°C/dry) the G I increases while the GIl components remain about the same. When moisture is introduced (22°C/wet), the G I increases and the GIl components appear to decrease.
When both heat and moisture are introduced (93°C/wet), GI increases markedly, while the GIl appears to be substantially reduced.
These results by Law and Wilkins [18) are somewhat clouded by the fact that the DCB specimens showed considerable fiber bridging, particularly at the higher temperature and wet conditions. Therefore the DCB values are probably artificially higher than those of the matrix material. The CLS specimens did not have this problem. In fact, Russell and Street [17] indicated that the DCB specimen toughness did not increase with temperature when only the initial crack extension was used to calculate GI' thus avoiding the fiber bridging problem encountered at longer crack lengths. Hunston and Bascom also report ! I little increase in toughness with increasing temperature for unmodified epoxies [20] . This is perplexing because Russell and Street also showed that the neat specimens of 3501-6 showed improvements in toughness with increasing temperature. Perhaps the fact that these "tnitial" crack extensions were from the Teflon starter caused the toughness to be insensitive to the environmental effects. The Teflon starter may be rather blunt compared to a natural delamination, thereby causing the toughness to be high.
Tough Systems
FM-300 -FM-300 is a nitride rubber-modified, epoxy-structured adhesive widely used in the aerospace industry. It is a mat reinforced film adhesive cured at 176°C; the resulting bondline is 0.25 rom thick. Mall and Johnson [7] determined the mode I and mixed mode fracture toughness using DCB and two different geometries of the CLS specimen. These CLS specimens had GI/G II ratios of 0.33 and 0.38. The G lc toughness, shown in figure 6 , is 7 to 10 times greater than previously found for the brittle systems (i.e. t 5208 and 3501-6) at room temperature and dry. The apparent Gllc toughness (extrapolated from the CLS and DCB data) is a little over twice that of the 3501-6 and about equal to that of the 5208. The rubber toughening greatly improves the G lc but is less effective on the shearing mode G llc • Even though the DCB adherends were made of unidirectional T300!5208 composites t the data reported in figure 6 all show cohesive failures in the adhesive; there was, of course, no fiber bridging.
EC 3445 -EC 3445 is also a rubber-modified t epoxy-structured adhesive that is currently used in the aerospace industry. It has 121°C cure temperature. The resin is a one-part paste. Glass beads are used to maintain a bondline thickness of 0.10 mm.
Mall and Johnson [7] determined the mode I and mixed mode fracture tough-I ness for the EC 3445 as they did for FM-300. Figure 6 shows results for both.
As previously discussed for the FM-300 t the G 1c and apparent Gllc are practically the same. Two geometries of the CLS specimen were also tested, resulting in Gr/Gr r ratios of 0.25 and 0.31.
Hx205 -The Hx205 base resin is a standard bisphenol A diglycidyle ether modified with an epoxy novolac and chain extended with additional bisphenols.
The Hx205 was chosen for study because it has high toughness. As such, it is an appropriate material to use in evaluating methods for testing interlaminar toughness and mixed mode fracture. However t it is not used for structural composite matrices because of its low Tg (100°C) and poor hot-wet mechanical properties. Figure 7 presents the fracture envelope for Hx205 matrix composites tested in a laboratory environment. The data spread in figure 7 represents the maximum t minimum, and average values of the data for each specimen type. The CLS data for the Hx20S are given in table III.
F-185 -F-185 is a commercially available adhesive. It is essentially a rubber modified form of Hx205. Figure 8 shows the DCB data developed by
Hunston [21] and the EDT data of O'Brien, Johnston, Morris, and Simonds [22] .
The G Ie is much higher than the GIc values of the other resin systems presented. The G lc value is quite close to the apparent G Ilc value (extrapolating the data to the GIl axis). Apparently both rubber toughening and extending molecular chains indIvidually contribute to the overall toughness of a material. The effect of extending molecular chains can be seen by the substantial increase in the chain-extended Hx205 system over the unmodi- Data for a variety of matrix and adhesive systems have been presented and discussed. Mixed mode fracture toughness for each system is shown in figure 9 , which is in large part a plot of the mean data points from figures 3, 4, 6, 7, and 8. In general, the higher the G lc value, the closer Glc is to G llc ' The brittle materials are much more sensitive to the G r components than are the tougher materials. The tougher materials are almost equally sensitive to G I and GIl'
Static Failure Criteria A failure criterion based on G has been expressed by several investigators [17, 24) in the form of (6) As can be seen from the sampling of resin tOl1ghness data shown in figure 9 , a straight line relationship does a good job of fitting the given data for each material. This simplifies Eq (6) to
For the tougher resin materials where G Ic is very nearly equal to GIIc' we can assume
Substituting Eq (8) into Eq (7) results in G c (9) where G c is the critical total strain-energy release rate. The total stainenergy release rate, GT' is much simpler to calculate than individual components G I and G Ir [7, 10) . Simple strength of materials approaches often give adequate estimates of GT whereas they do poorly predicting G I and G rr components. Therefore, even if GIc does not exactly equal GIIc' the GT concept for design purposes may be economically justifiable. Thus Eq (9) is a reasonable static failure criterion for many tough resin systems while Eq (7) may be appropriate for brittle materials. Geometric Nonlinear Effects -Law and Wilkins [18] used a geometric nonlinear finite elements program to calculate the Gr/Grr ratios of the CLS data shown in figure 5 . Russell and Street [17] used the average value of a strength of materials approach suggested by Brussat. Chiu, and Mostovoy [9] and a linear finite element program to calculate the Gr/G II ratio for the CLS data shown in figure 4 . It should also be clear that if the toughness is influenced by heat and moisture, the Gr/G II ratio is also influenced. For example, if a hot/wet condition causes the matrix toughness to increase, then more load will be required to achieve the higher G T • From figure 10 it is quite clear that the Gr/GrI ratio is sensitive to variations in G T in the proximity of the 3501-6 toughness.
Matrix Modulus Effects -Augl [25] has shown that the shear and Young's modulus of 3501-6 can decrease almost an order of magnitude from room temperature/dry to 121°C/wet. The shear modulus decreases by 32 percent at 60°C/wet.
We decided to investigate what effect matrix modulus changes would have on calculated Gr/G rr ratios. Using DCB specimens with BP907 adhesive, Chai [26) has determined that an adhesive joint bond thickness of 0.064 mm. or less would give the same toughness as an interlaminar fracture toughness test in a composite. Therefore, we modeled a thin strip of ASI/3501-6 matrix~aterials using a finite element method as one would model an adhesive joint [10] . The matrix strip was evaluated for thicknesses of 0.025 mm. and 0.0125 mm. Only the matrix material in the adhesive layer was changed to simulate temperature and moisture conditions; the adherend properties were not changed. Figure 11 shows the results using the CLS-63 (i.e., 3 plies to 3 plies) specimen geometry and adherend properties that Law and Wilkins [16] tested.
The Gr/G rr ratios were calculated for several load levels and for three different values of Young's moduli for the matrix: 4.28 GPa (21 o C/0% RH);
2.39 GPa (100°C/80% RH); and 0.56 GPa (150°C/80% RH) [25] .
i
The calculated results shown in figure 11 indicate that little change in Gr/G 1r ratio occurs at temperatures below 100°C. The decrease of the RT/dry matrix modulus by approximately one-half decreased the Gr/G rI ratio by at most 11 percent. The G T value remains constant over this range. As the matrix modulus decreases further, the Gr/G rr ratio changes become more pronounced, particularly at the higher loads. The Gr/G rr ratio changes are primarily attributed to the geometric nonlinear effects, as previously discussed. This may be readily seen by the fact that the Gr/G rr ratio changed very little at the lower load levels. The authors have no explanation for the crossover point in the Gr/G rr behavior except that perhaps the shear modulus has become so low that shear stresses and deformations dominate the specimen's bandline.
This section showed that decreases in matrix modulus due to moderate heat (below 100°C) and moisture do not affect Gr/G rr ratio calculations to a significant degree. However t this study did not cover changing adherend properties t nor did it consider material nonlinear effects. Furthermore t it should be noted that 3501-6 is an unmodified t highly crosslinked epoxy system.
One would expect its modulus to be less affected by heat and moisture than those of many modified or rubber toughened epoxies t such as Hx205 or FM-300.
In these tougher materials the decrease in modulus may be very significant and o The GI/G rr ratio was also found to vary with matrix modulus, which in turn varied with moisture and temperature. For 3501-6 resin, this variation was not large below 100°C. --c----r---t .. Both literature review data and new data on toughness behavior of seven matrix and adhesive systems in four types of tests were studied in order to assess the influence of the resin on interlaminar fracture. Mixed mode (i.e. various combinations of opening mode I, GI' and shearing mode II, GIl) fracture toughness data showed that the mixed mode relationship for failure appears to be linear in terms of GI and GIl. The study further indicates that fracture of brittle resins is controlled by the GI component, and that fracture of many tough resins is controlled by total strain-energy release rate, GT. Regarding the relation of polymer structure and the mixed mode fracture: high mode I toughness requires resin dilatation; dilatation is low in unmodified epoxies at room temperature/dry conditions; dilatation is higher in plasticized epoxies, heated epoxies, and in modified epoxies; modification improves mode II toughness only slightly compared with mode I improvements. Analytical aspects of the cracked lap shear test specimen were explored. Geometric nonlinearity must be addressed in calculating the GI/GII ratio. The ratio varies with matrix modulus, which in turn varies with moisture and temperature. 17 
